Triplex forming oligonucleotides (TFOs) are the most commonly used approach for site-specific targeting of double stranded DNA (dsDNA). Important parameters describing triplex formation include equilibrium binding constants (K eq ) and association/dissociation rate constants (k on and k off ). The 'fluorescent intercalator displacement replacement' (FIDR) assay is introduced herein as an operationally simple approach toward determination of these parameters for triplexes involving TC-motif TFOs. Briefly described, relative rate constants are determined from fluorescence intensity changes upon: (i) TFO-mediated displacement of pre-intercalated and fluorescent ethidium from dsDNA targets (triplex association) and (ii) Watson-Crick complement-mediated displacement of the TFO and replacement with ethidium (triplex dissociation). The assay is used to characterize triplexes between purine-rich dsDNA targets and TC-motif TFOs modified with six different locked nucleic acid (LNA) monomers, i.e. conventional and C5-alkynyl-functionalized LNA and a-L-LNA pyrimidine monomers. All of the studied monomers increase triplex stability by decreasing the triplex dissociation rate. LNA-modified TFOs form more stable triplexes than a-L-LNA-modified counterparts owing to slower triplex dissociation. Triplexes modified with C5-(3-aminopropyn-1-yl)-LNA-U monomer Z are particularly stable. The study demonstrates that three affinity-enhancing features can be combined into one high-affinity
INTRODUCTION
Development of agents that site-specifically target double stranded DNA (dsDNA) has attracted considerable attention in the past decades, due to the prospect of access to enabling research tools and new types of therapeutic and diagnostic probes (1, 2) . Despite significant progress with polyamides (3), peptide nucleic acids (4-7) and other probe technologies (8, 9) , the use of chemically modified triplex forming oligonucleotides (TFOs) remains the most widely studied approach toward this end (10) . TFOs bind in the major groove of dsDNA, where they form hydrogen bonds to a purine-rich target strand. The relative orientation of the TFO depends on its composition; for example, TFOs that are solely composed of pyrimidines (TC-motif TFOs), bind with parallel orientation relative to the purine-rich strand.
To be active in biological settings, TFOs should preferentially: (i) result in the formation of thermodynamically stable triplexes, (ii) associate quickly with their dsDNA target, while (iii) displaying slow dissociation (11) . The parameters used to describe these characteristics include the equilibrium constant for triplex formation (K eq ), and the rate constants for association and dissociation, k on and k off . Determination of triplex-to-duplex denaturation temperatures (T m 's) via temperature-controlled absorbance measurements is a popular and straightforward approach toward estimating the thermostability of triplexes (12) . However, significant hysteresis is often observed, due to the slow kinetics of triplex formation, which skews the determined T m values.
Several techniques and assays have been developed to study the kinetics of triplex formation including nonequilibrium thermal denaturation hysteresis analysis (13, 14) , kinetic footprinting assays (13, 15, 16) , biomolecular interaction analysis via surface plasmon resonance (17, 18) , UV absorbance decay analysis (19) and FRET-based assays (13, 20) . While powerful, most of these approaches are technically challenging, resourceintensive and require probe labeling or specialized instrumentation. Development of an operationally simple assay that allows for determination of relative thermodynamic and kinetic parameters involved in triplex formation would therefore be desirable and facilitate comparative screening of established and new TFO-chemistries.
Fluorescent intercalator displacement assays have been used to study interactions and determine binding affinities of small ligands (21) (22) (23) (24) as well as TC-motif TFOs (25) to dsDNA targets. In the first part of this article, we describe the concept of, and underlying theoretical model for, the operationally simple 'fluorescent intercalator displacement replacement' (FIDR) assay, which provides access to relative rate and equilibrium binding constants involved in triplex formation. In the second part, we use the FIDR assay to characterize triplexes between dsDNA targets and TC-motif TFOs, which are modified with six different locked nucleic acid (LNA) (26) monomers (Figure 1 ).
TC-motif TFOs modified with conventional LNA-T (27,28) and a-L-LNA-T (29) monomers X and Q (Figure 1 ) substantially increase the thermostability of triplexes relative to reference TFOs (18, (30) (31) (32) (33) (34) . Kinetics experiments show this to be the result of significantly slower triplex dissociation (18, 33, 34) . The structural mechanisms accounting for these trends are not fully understood but seem to involve TFO preorganization (favorable entropy) and formation of bifurcated hydrogen bonds between the TFO and Watson-Crick duplex (slower dissociation) (31,32).
The interesting properties of LNA-modified TC-motif TFOs has spurred development of LNA analogues that display even more favorable triplex hybridization characteristics (35) (36) (37) (38) (39) (40) . The majority of these studies have focused on monomers in which the dioxabicyclo-[2.2.1]-heptane skeleton of LNA is modified. Following a different approach, we recently set out to explore monomers that combine structural features of LNA and C5-alkynyl-functionalized DNA monomers; the latter are known to moderately increase triplex thermostability by enhancing base stacking interactions (41) (42) (43) (44) . Initial motivation for this approach came from studies on TFOs modified with C5-alkynyl-functionalized RNA monomers, which display greater affinity toward dsDNA targets than reference TFOs modified with the corresponding non-functionalized RNA monomers or C5-alkynyl-functionalized DNA monomers (13, (45) (46) (47) . Our preliminary results have, indeed, demonstrated that TC-motif TFOs modified with C5-alkynyl-functionalized LNA monomers Y and Z (48) (Figure 1 ) display higher thermal affinity toward purine-rich dsDNA targets than conventional LNA TFOs (ÁT m /mod values between +1.1 C and +2.8 C higher than for LNA TFOs) (49) . We utilize the FIDR assay to study the hybridization characteristics of triplexes composed of TC-motif TFOs modified with monomers Q-Z (Figure 1 ), in order to explore if combination of structural elements from C5-alkynyl-functionalized DNA monomers and conformationally restricted nucleotides is a general approach toward high-affinity TFO monomers.
MATERIALS AND METHODS

Synthesis of ONs
TFOs modified with LNA monomers X-Z ( Figure 1 ) were prepared and characterized with respect to identity (MALDI-MS) and purity (>80%, ion-pair reverse-phase HPLC) in our preliminary study (49) . Novel TFOs modified with a-L-LNA monomers Q/S/V ( Figure 1 ) were prepared by incorporating the appropriately protected phosphoramidites into ONs via machine-assisted solid-phase DNA synthesis (0.2 mmol scale) using 4,5-dicyanoimidazole as the activator and extended hand-coupling (15 min) and oxidation (45 s) . This resulted in stepwise coupling yields of $98%, $97% and $90%, respectively. The corresponding phosphoramidite of monomer Q was obtained from commercial sources; the synthesis of the corresponding phosphoramidites of monomers S and V will be reported elsewhere (the 3-aminopropyn-1-yl group was protected with as a trifluoroacetamide during ON synthesis). Cleavage from solid support (succinyl linked LCAA-CPG, pore size: 500 Å ), removal of protecting groups and conversion of O4-triazolyl-dT monomers into 5-methyl-dC monomers (mC), was accomplished upon treatment with 32% aq. ammonia (24-48 h, rt). All ONs were purified by RP-HPLC in the DMT-on mode on a Varian Prostar HPLC system equipped with an XTerra MS C18 column using the following representative gradient (flow rate 1.2 ml/min): 100 vol% buffer A for 2 min, 100 ! 30 vol% buffer A in buffer B over 48 min, 30 ! 0 vol% buffer A in buffer B over 14 min and 100 vol% buffer B for 5 min, where buffer A is 0.05 M TEAA (triethyl ammonium acetate) pH 7.4 and buffer B is 75% MeCN in H 2 O v/v. The DMTr-group was cleaved using 80% aq. AcOH, followed by precipitation of the crude ONs (acetone, À18
C, 12-16 h). The identity of synthesized ONs was established through analysis on a quadrupole time-of-flight tandem mass spectrometer equipped with a MALDI source (positive ion mode) using anthranilic acid as a matrix (Supplementary Table S1 ), while purity (>80%) was verified by ion-pair reverse phase HPLC running in analytical mode.
Experimental protocol of the FIDR assay A 1.4-ml semi-micro fluorescence quartz cell was loaded with 1.0 ml of a 1.0 mM solution of pre-annealed target duplex in TNM buffer (pH 7.2, 50 mM Tris-Cl containing 150 mM NaCl and 5 mM MgCl 2 ) and 20 ml of 0.50 mM EtBr (final concentration $10 mM). After equilibrating at 20 C for 10 min, an aqueous solution of TFO (<10 ml, final concentration $1.0 mM) was added to this solution. The fluorescence emission decay was recorded until steady-state was reached ( ex = 530 nm; em = 600 nm). An excess of single-stranded DNA complementary to the TFO (cTFO) was then added (33 ml, $4.0 mM final concentration) and the increase in fluorescence intensity monitored until steady-state was reached. The fluorescence emission profile representing triplex association was fitted to Equation (4), which is used to determine the relative association rate constant for triplex formation; the fluorescence emission profile representing triplex dissociation was fitted to Equation (8) , which was used to determine the relative rate constant for triplex dissociation (see 'Results and Discussion' section).
Thermal denaturation studies A 1.0-ml solution containing 1.0 nmol of each strand (buffer: 140 mM KCl and 0.1 mM EDTA, pH 7.0 adjusted with 10 mM NaH 2 PO 4 and 5 mM Na 2 HPO 4 ) in quartz optical cells with path-lengths of 1.0 cm, was heated ($80 C, 5 min), cooled to room temperature and incubated overnight. Thermal denaturation profiles were recorded on a Cary 100 UV/VIS spectrophotometer equipped with a 12-cell Peltier temperature controller using a ramp of 0.5 C/min. Thermal denaturation temperatures for triplex-to-duplex transitions were determined as the first derivative of difference thermal denaturation profiles (dA 260 versus T) (32), which were obtained by subtracting the thermal denaturation profile of the dsDNA target (included as one of the samples in the multicell holder of the spectrophotometer) from the raw thermal denaturation profile of triplex solution. Reported T m values are an average of at least two experiments within ±1.0 C.
RESULTS AND DISCUSSION
Assay overview
The concept of the FIDR assay is shown in Figure 2 . The assay relies on the fact that ethidium generally: (i) displays greater fluorescence intensity upon intercalation into dsDNA than in free solution and (ii) has higher affinity toward dsDNA than triplexes involving TC-motif TFOs, while being readily displaced by groove binding agents such as TFOs (50) . Addition of a TC-motif TFO to a pre-equilibrated solution of a dsDNA target and excess EtBr, results in triplex formation and partial displacement of intercalated ethidium ( Figure 2 , A ! B). The progress of triplex Relative triplex association and dissociation rate constants are obtained by fitting fluorescence emission traces to expressions for second and first order reaction rate equations, respectively (see next section).
Theoretical model for FIDR assay
Triplex formation between the TC-motif TFO and dsDNA target is approximated by the following model, which is not adjusted for contributions from EtBr:
At the chosen conditions, i.e. at experimental temperatures significantly below the triplex-to-duplex transition temperature, triplex association is more rapid and prominent than triplex dissociation. Furthermore, the weak and rapidly equilibrating intercalative binding of ethidium bromide is assumed not to interfere with triplex formation. Triplex formation is accordingly treated as a unidirectional, bimolecular and rate-limiting reaction that follows second order reaction kinetics:
where k on is the apparent rate constant for triplex association. Solving Equation (2) (for additional details, see Supplementary Data) gives: 
Equation (5), which also does not take contributions from EtBr into account, describes triplex dissociation in the presence of excess single-stranded Watson-Crick complement to the TFO (cTFO). The role of cTFO is to sequester free TFO and promote triplex dissociation at experimental temperatures that otherwise favor the triplex form.
Assuming that triplex dissociation is significantly slower than triplex association and cTFO:TFO duplex formation (51) and that the equilibrating intercalative binding of ethidium bromide is weak and rapid, the rate-limiting triplex dissociation is approximated as an unidirectional reaction with first order reaction kinetics:
where k off is the apparent rate constant for triplex dissociation. Solving Equation (6) gives:
where [triplex] 0 is the initial triplex concentration. It follows from the FIDR concept ( Figure 2 , B ! C) that [triplex] 0 is proportional to (F initial À F final ), while [triplex] is proportional to (F t À F final ), where F initial , F t and F final denote fluorescence intensity of EtBr before cTFO addition, at a time after cTFO addition and at steady-state, respectively. Insertion into Equation (7) gives the following fitting equation:
Àk off Át ð8Þ Figure 3 . Fluorescence emission profiles ( ex = 530 nm; em = 600 nm) during association (left) and dissociation (right) of the triplex between representative LNA-TFO X1 and dsDNA target (see Table 2 The strong correlation between the experimental and fitted profiles suggests that the underlying approximations (e.g. significantly faster triplex association than triplex dissociation) are met for the TFOs studied herein (vide infra).
Optimization of FIDR assay
The influence of EtBr on the FIDR assay was studied first (Table 1) . Toward this end, the triplex between the representative TC-motif LNA-TFO X1 and its complementary dsDNA target was studied in a TNM buffer (pH 7. (Table 1) and decreased triplex thermostability (data not shown), which is in agreement with previous reports (50) . Interestingly, the relative equilibrium constant for triplex formation, K eq , is very similar when using 5 or 10 mM EtBr, but lower with 20 mM EtBr. We note that one of the underlying assumptions for the FIDR assay, i.e. triplex dissociation being significantly slower than triplex association [see Equations (5) and (6)], no longer is met at [EtBr] = 20 mM (compare T 0.5,on and T 0.5,off entries 1-3, Table 1 ). Subsequent experiments utilized 10 mM EtBr as a suitable compromise between fast triplex formation and sufficient triplex thermostability. Titration experiments revealed that only $40% of the added EtBr intercalates into the dsDNA target prior to TFO-addition ($0.2 equivalents EtBr per base pair, results not shown).
Increased concentrations of MgCl 2 also result in faster association and dissociation (entries 2, 4 and 5, Table 1 ). K eq -values are virtually identical when using 5 or 10 mM MgCl 2 , but noticeably higher at 20 mM MgCl 2 . The underlying structural basis for this phenomenon is not fully understood, but may be linked to the well-known property of high Mg 2+ concentrations in promoting formation of higher order structures. Subsequent FIDR experiments used 5 mM MgCl 2 (entry 2, Table 1 ).
Application of the FIDR assay using LNA-modified reference triplexes
We evaluated the FIDR assay against reference triplexes composed of dsDNA targets and TC-motif TFOs modified with conventional LNA-T and a-L-LNA-T monomers X and Q (Figure 1 ). Monomers were incorporated once, three and six times into a 15-mer TFO that has previously been used to evaluate LNA, ENA and other bridged nucleic acid (BNA) monomers (Table 2 ) (36). 5-Methyl-2 0 -deoxycytidine monomers, rather than 2 0 -deoxycytidine monomers, were used to increase the affinity of the TFOs toward dsDNA at neutral pH (53) .
In agreement with previous studies, the stability of triplexes increases progressively with higher LNA content (K eq : X1 < X2 X3 < X4, Table 2 ). This trend correlates strongly with the rate constants for triplex dissociation, which decrease sharply with higher LNA content (see k off for X-series, Table 2 ). As a result, the triplex dissociation half-lives increase from $24 min for X1 to 270 min for X4 (Table 2 ). TFOs with three or fewer incorporations of LNA monomer X display similar apparent rate constants for triplex association, while k on for the densely modified X4 is 2-fold higher ( Table 2 ). The remarkable stability of the triplex involving X4 (K d $ 10 nM) is, accordingly, the result of faster association and slower dissociation. As expected (see 'Theoretical Model for FIDR Assay' section), triplex association is considerably faster than triplex dissociation, especially for more highly modified triplexes (T 0.5 on << T 0.5 off , Table 2 ).
a-L-LNA TFOs display similar triplex association rates as their LNA counterparts and also result in slower triplex dissociation with increasing levels of modification (see Q-series, Table 2 ). However, triplex dissociation occurs 2-to 4-fold faster than in LNA-modified triplexes, which is the main reason for the lower stability of triplexes involving a-L-LNA TFOs (compare k off and K d for Q-versus X-series, Table 2 ).
In spite of the numerous approximations, the results from the FIDR assay-i.e. trends and relative values of K eq , k on and k off -are in good agreement with previous reports, Obtained by fitting data to Equation (4) . Obtained by fitting data to Equation (8) . which have demonstrated that the increased stability of triplexes involving LNA-and a-L-LNA-modified TC-motif TFOs is linked to slower dissociation kinetics (18, 33, 34) . The present study represents the first direct comparison between these two classes of TFO-monomers and identifies important differences in dissociation kinetics. NMR solution structures of intramolecular dsDNA:LNA triplexes feature bifurcated hydrogen bonds between the TFO and Watson-Crick duplex, which have led to the hypothesis that the slow dissociation kinetics are related to slow opening of these hydrogen bond networks (31). In absence of NMR structures, we speculate that such networks are less prevalent in dsDNA:a-L-LNA triplexes, leading to faster dissociation and lower triplex stability relative to LNA modified triplexes.
Characterization of triplexes modified with C5-functionalized LNA/a-L-LNA monomers
After validating the FIDR assay against reference triplexes, we applied the assay in the characterization of triplexes modified with C5-functionalized LNA-U or a-L-LNA-U monomers S/V/Y/Z (Figure 1 ). Triplexes between dsDNA targets and TC-motif TFOs with one or three incorporations of C5-ethynyl LNA-U monomer Y are more stable than the corresponding LNA-modified triplexes, while the extensively modified Y4:dsDNA is less stable (compare K eq for Y-and X-series, Table 2 ). The latter observation is surprising considering that: (i) the thermostability of Y4:dsDNA is very high (divergence between K eq and T m will be discussed later) and (ii) triplexes that are densely modified with C5-propynyl 2 0 -deoxyuridine monomers are highly thermostable (42, 45) . We speculate that the combination of a conformationally restricted LNA skeleton and an ethynyl side chain is favorable at low modification densities due to enhanced base-stacking, whereas it imposes partially unfavorable steric interactions in densely modified triplexes. The correlation between triplex stability and kinetics in the Y-series is not obvious. For example, the greater stability of Y1:dsDNA relative to X1:dsDNA is linked to markedly slower dissociation, whereas the greater stability of Y3:dsDNA is correlated with faster association. In contrast, the extensively modified Y4:dsDNA displays much faster dissociation kinetics that its LNA-modified counterpart, perhaps due to aforementioned unfavorable steric interactions (compare k on and k off for Y-and X-series, Table 2 ).
TC-motif TFOs with three incorporations of C5-(3-aminopropyn-1-yl)-LNA-U monomer Z display slightly larger relative association rate constants than the corresponding X-or Y-series TFOs but similar dissociation rate constants (Table 2) . We propose that partially positively charged 'patches' of C5-(3-aminopropyn-1-yl)-groups enable cooperative clamping of the negatively charged dsDNA target, in an analogous manner as suggested for TFOs modified with the corresponding DNA monomer (45) . The observed trend in triplex stability, i.e. monomer X Y < Z, suggests that it is possible to combine three affinity-enhancing features into one highaffinity TFO monomer: conformational restriction of the sugar ring (LNA skeleton), increased stacking interactions (alkynyl substituent) and electrostatic interactions of ammonium group with negatively charged strands.
The association of triplexes involving TC-motif TFOs that are densely modified with C5-ethynyl-a-L-LNA-U monomer S occurs more rapidly than with conventional a-L-LNA TFOs (compare k on for S2-S4 with Q2-Q4, Table 2 ). This, coupled with considerably slower triplex dissociation, results in extensive stabilization of Smodified triplexes relative to a-L-LNA modified triplexes (compare k off and K eq of S-versus Q-series, Table 2 ). In fact, introduction of a C5-ethynyl group has a far greater triplex stabilizing effect in the a-L-LNA than LNA series, rendering S-modified triplexes of similar stability as triplexes composed of conventional LNA TFOs (compare K eq of S-versus Q-and Y-versus X-series, Table 2 ).
Triplexes between dsDNA and TC-motif TFOs modified with three C5-(3-aminopropyn-1-yl)-a-L-LNA-U monomer V are less stable than corresponding S-modified triplexes (K eq : Q V < S, Table 2 ), which contrasts the influence of substituents in the LNA-series. Their lower stability is linked with markedly faster dissociation kinetics, while the similar association kinetics suggest that C5-(3-aminopropyn-1-yl)-groups do not play important roles in clamping dsDNA targets in this series.
Correlation between K eq and T m
The thermal denaturation temperatures of the triplex-toduplex transitions were determined under typical experimental conditions (Table 2 ) and plotted as a function of their corresponding K eq values ( Figure 4) . Visual inspection reveals that the data points for triplexes involving the highly modified B4-series TFOs are located outside from the main cluster of data points. This likely reflects that thermal denaturation curves for the more highly modified triplexes are not recorded under equilibrium conditions (12) . Indeed, we note that triplexes modified with B4-series TFOs generally display faster association and slower dissociation kinetics than the other TFO series (Table 2) . We argue that K eq -values determined via the FIDR assay, as opposed to T m values from thermal denaturation experiments, are a more reliable-yet convenient-approach for estimation of triplex thermostability.
CONCLUSION
The FIDR assay presented herein provides operationally simple access to thermodynamic and kinetic parameters associated with nucleic acid triplexes, i.e. relative rate constants for association/dissociation and equilibrium binding constants. While we have only used the assay to compare hybridization characteristics of LNA-and a-L-LNA-modified TC-motif TFOs, we expect the assay to be broadly applicable for characterization of triplexes involving other TC-motif TFOs, provided that the underlying assumptions are met (e.g. ethidium displaying greater affinity toward dsDNA than triplexes). It is important to note that this will not always be the case. For example, ethidium has low affinity toward duplexes with long adenines stretches and the FIDR assay will, most likely, not be applicable for characterization of triplexes composed of (T):(dA):(T) stretches (54) . Future studies will delineate the full scope of the FIDR assay and its value as a screening tool for identification of promising TFO-chemistries.
All of the LNA analogues studied herein increase triplex stability by decreasing the rate of triplex dissociation (K eq trend: Z > Y > X ! S > V$Q). The data demonstrate that it is possible to combine three structural features to give high-affinity TFO monomers, i.e. conformational restriction of the sugar ring (LNA skeleton), increased p-stacking surface of the nucleobase (alkynyl substituent) 
